is the first gene mutations/multiplications unambiguously linked to PD (Ozansoy and Basak 2013) . Patients carrying the A53T α-Syn mutation have a relatively early onset age and severe Parkinsonism with a frequent dementia (Spira et al. 2001 ).
Mitochondrial dysfunction also plays an important role in the pathogenesis of PD (Moon and Paek 2015) . The 1-methyl-4-phenyl-pyridinium ion (MPP + ), a powerful inhibitor of mitochondrial complex I, causes abnormal energy metabolism and increases the production of reactive oxygen species (ROS), ultimately leading to cell death via mitochondrial impairment (Horowitz and Greenamyre 2010) . In vitro studies have shown that MPP + increases α-Syn expression (Gomez-Santos et al. 2002; Xu et al. 2007 ) and the over-expression of mutant human α-Syn aggravates MPP + -induced neurotoxicity (Qian et al. 2008) .
Polygonum multiflorum Thunb, a traditional medicine, has been widely used in
China as an anti-aging agent since ancient times. 2,3,5,4'-Tetrahydroxystilbene-2-O-β-D-glucoside (TSG) (Fig. 1) is one of the main active components extracted D r a f t 4 from the root of Polygonum multiflorum. Our previous studies found that the oral administration of TSG enhanced learning-memory ability and protected synaptic ultrastructure in the hippocampus of aged rats (Wang et al. 2007) . TSG also improved learning-memory impairment, decreased the content of β-amyloid (Aβ), and inhibited the over-expression and aggregation of α-Syn in the hippocampus of the APPV717I transgenic mouse model of Alzheimer's disease (AD) (Zhang et al. 2013 ). Our in vitro study found that TSG inhibited the expression and aggregation of α-synuclein via up-regulating ubiquitin-proteasome system in α-synuclein-transfected PC12 cells (TSG) ( Liu et al. 2012) . Because α-Syn aggregation is a common factor in the pathogenesis of several neurodegenerative diseases including AD, PD and dementia with Lewy body (DLB), our previous discoveries about TSG evoked us to hypothesize that TSG might have the potential to treat PD and DLB, in addition to AD.
To verify our hypothesis, the present study investigated the effects of TSG on α-Syn aggregation, mitochondrial dysfunction, oxidative stress, apoptosis and related factors in A53T mutant α-synuclein-transfected cells (A53T AS cells) exposed to The cells were then cultured in the media containing MPP + for 24 h.
Cell viability assay
Cell viability was measured by the MTT method (Mosmann 1983) . Cells (4×10 4 cells/ml) were seeded in 96-well plates and pretreated with TSG for 24 h prior to MPP + exposure. After 24 h incubation with MPP + , 20 µl of MTT reagent (5 mg/ml MTT in PBS) was added to each well. Following additional 4 h incubation at 37°C, the medium was removed and 100 µl of DMSO was added to each well to dissolve the formazan crystals. Absorbance was measured at 570 nm using a microplate reader (Diagnostic Pasteur LP4000, France). The cell viability was expressed as a percentage of the absorbance of control samples, which was assumed to be 100%.
Lactate dehydrogenase assay
The 
Detection of mitochondrial membrane potential
Mitochondrial membrane potential (MMP) was detected using the fluorescent reagent rhodamine 123. Cells (1×10 5 cells/ml) were seeded in 60 mm dishes and were treated with TSG and MPP + (200 µM) as described above. Rhodamine 123 at the final concentration of 10 µM was then added to cell cultures and incubated for 30 min at 37°C. The cells were washed twice with PBS, collected by pipetting, and then analysed with a flow cytometer (Becton Dickinson, Mountain View, CA, USA). The laser was adjusted to emit at 480 nm, and a 530 nm long-pass filter was used.
Measurement of intracellular ROS
Intracellular ROS levels were measured using the fluorescent probe DCFH-DA as previously described (Chen et al. 2010 
Western blot assay
After treating cells as described above, total protein was extracted from cell lysates using RIPA buffer, and protein concentrations were determined with a BCA protein quantitative analysis kit. A total of 40 µg of protein was loaded onto a 15% SDS-polyacrylamide gel for electrophoresis (PAGE) and then transferred to a nitrocellulose membrane (Whatman, New Jersey, USA). The membranes were blocked with 5% skim milk in Tris-buffered saline (pH 7.4) with 0.1% Tween-20 for 1 h at room temperature before overnight incubation with primary antibodies specific for α-Syn (1:1000), Bax (1:500), Bcl-2 (1:1000), and β-actin (1:1500) in 5% skim milk-Tris buffered saline Tween (TBST). The membranes were then rinsed 3 times in TBST and incubated with horseradish peroxidase-conjugated secondary IgG (1:2000) in TBST for 1.5 h, followed by a final series of rinses in TBST. The resulting bands of protein were visualized on Biomax X-ray film (Kodak, Japan) using the Super Signal West Pico Chemiluminescent Kit.
Measurement of caspase-3 activity
The caspase-3 activity was measured according to the manufacturer's protocol (Beyotime Biotechnology, China). Cells (1×10 5 cells/ml) were seeded in 60 mm D r a f t 9 dishes and were treated with TSG and MPP + as described above. Cells were lysed with 0.5% NP-40/10 mM HEPES (pH 7.4) containing 2 mM EDTA, 0.5 mM PMSF, and 5 µg/ml leupeptin. Then, cell lysates were added to 96-well microtitre plates and incubated with reaction buffer containing 10 µl caspase-3 substrate Ac-DEVD-ρNA for 4 h at 37°C. The absorbance produced by the chromophore ρ-nitroanilide was measured at 405 nm. A standard curve was obtained from the absorbances of ρ-nitroanilide standard reagent. Protein concentrations were determined by the Bradford method. According to the Chemicon Company (USA), 1 unit of caspase-3 was defined as the amount of enzyme that cleaves 1 nmol of the colourimetric substrate Ac-DEVD-ρNA per hour at 25°C under saturating substrate concentrations.
Caspase-3 activity was expressed as units per mg protein.
Flow cytometric detection for apoptotic cells
The apoptotic rate induced by MPP + was detected by flow cytometry using the 
Immunofluorescence double staining for aggregated α α α α-synuclein
The immunofluorescence double-staining method was used to ascertain the aggregated state of α-Syn in cells as previously described (Wang et al. 2015) . After fixation with 4% paraformaldehyde, the cell slides were rinsed in PBS and preincubated with 3% H 2 O 2 for 10 min and permeabilized with 0.3% Triton X-100 in PBS for 30 min. Cell slides were rinsed in PBS for 3×5 min, and then the cells were blocked with 10% normal goat serum for 40 min at room temperature. The primary antibody against α-Syn (1:600) was added for overnight incubation at 4°C in a humidified chamber. After rinsing for 3×5 min in PBS, the cells were incubated with Cy3-conjugated goat anti-mouse IgG (1:300) for 2 h at room temperature, followed by rinsing for 3×5 min in PBS. Cell slides were incubated with 0.1% thioflavin T in the dark for 8 min followed by rinsing for 3×5 min in PBS. Images were captured using a fluorescence microscope (Olympus, Japan). The same light intensity and filters were applied for all images. A negative control, obtained by omitting the primary antibody and applying the secondary antibody alone, was used to confirm the specificity of the immunofluorescence labelling (Supplementary Figure S1 ).
Statistical analysis
The results are expressed as the mean ± standard error of mean (S.E.M.) from at least three independent experiments. For statistical comparisons, quantitative data were analysed by one-way analysis of variance (ANOVA) combined with post-hoc analysis followed by Student's t-test according to the statistical programme Sigma Stat.
The differences at P<0.05 were regarded as statistically significant. AS cells were more susceptible to MPP + toxicity than vector control cells ( Fig. 2A and Supplementary Table S1 ). Because the cell viability of the A53T AS group was We also investigated the effect of TSG on MPP + -induced cytotoxicity using an LDH assay. The results showed that LDH leakage from A53T AS cells increased after A53T AS cells plus MPP + exposure (Fig. 2C ). In the presence of caspase-3, the substrate Ac-DEVD-ρNA is cleaved to form the chromophore ρ-nitroanilide, which can be quantified by its colourimetric intensity. 
Results

Effects of TSG on cell damage in A53T
Effects of TSG on
Discussion
In the present study, we used a complex model of A53T α-synuclein-transfected 
SH-SY5Y cells (A53T AS cells) plus MPP
2009
). The A53T mutation of α-Syn promoted its aggregation, which further initiated oxidative stress and nitration injury (Giasson et al. 2000) . In the present study, α-Syn expression was higher in A53T AS control cells than that in vector control cells. These results suggest that TSG may protect mitochondrial function, which may be beneficial for PD therapy.
Oxidative stress plays an important role in the pathogenesis and progression of PD (Dauer and Przedborski 2003) . MPP + increases ROS production, thus inducing cell damage (Blesa et al. 2015) . Numerous studies have shown that the over-expression and aggregation of α-Syn impair mitochondrial complex I activity [(Loeb et al. 2010; Stichel et al. 2007 )], and α-Syn may directly interact with complex I to exert this effect (Devi et al. 2008) . In the present study, we found that MPP + induced a significant increase in ROS level in A53T AS cells, and TSG suppressed the levels of ROS in A53T AS cells exposed to MPP + . This result demonstrated that TSG had antioxidant properties, which might be one of the mechanisms of TSG's neuroprotective effect.
D r a f t 18
Apoptosis is regulated by Bcl-2 families and caspases. The Bcl-2 family comprises anti-apoptotic members (such as Bcl-2, and Bcl-XL) and pro-apoptotic proteins (such as Bax, Bak, and Bid) (Sadoul 1998) . Among the identified caspases, caspase-3 is thought to be the key enzyme that induces apoptosis and is the ultimate enforcer of caspases in apoptosis (Chen et al. 2015) . The induced expression of A53T α-Syn in differentiated PC12 cells increased the intracellular ROS levels, which is accompanied by mitochondrial cytochrome C release and an elevation in caspase-9 and caspase-3 activities (Liu et al. 2011 ). α-Synuclein over-expression may result in cytotoxicity by decreasing Bcl-XL expression and increasing Bax expression (Seo et al. 2002) . Mitochondrial dysfunction contributed to A53T α-Syn-induced cell death (Smith et al. 2005) . Furthermore, MPTP induced pro-apoptotic Bax, while transgenic mice deficient in Bax and those over-expressing Bcl-2 were resistant to MPTP toxicity in vivo (Vila et al. 2000) . In the present study, we found that MPP + exposure increased the ratio of Bax to Bcl-2 and the activity of caspase-3 in A53T AS cells.
TSG pretreatment significantly decreased the ratio of Bax/Bcl-2 and the activity of caspase-3, thus inhibiting apoptosis in A53T AS cells exposed to MPP + .
Our previous study found that TSG protected SH-SY5Y cells against MPP + -induced cell death through decreasing oxidative stress and inhibiting apoptosis . Some other investigators also reported that TSG attenuated 
